Inhibitory interneurons play a critical role in coordinating the activity of neural circuits. To explore the mechanisms that direct the organization of inhibitory circuits, we analyzed the involvement of tropomyosin-related kinase B (TrkB) in the assembly and maintenance of GABAergic inhibitory synapses between Golgi and granule cells in the mouse cerebellar cortex. We show that TrkB acts directly within each cell-type to regulate synaptic differentiation. TrkB is required not only for assembly, but also maintenance of these synapses and acts, primarily, by regulating the localization of synaptic constituents. Postsynaptically, TrkB controls the localization of a scaffolding protein, gephyrin, but acts at a step subsequent to the localization of a cell adhesion molecule, Neuroligin-2. Importantly, TrkB is required for the localization of an Ig superfamily cell adhesion molecule, Contactin-1, in Golgi and granule cells and the absence of Contactin-1 also results in deficits in inhibitory synaptic development. Thus, our findings demonstrate that TrkB controls the assembly and maintenance of GABAergic synapses and suggest that TrkB functions, in part, through promoting synaptic adhesion.
Introduction
Inhibitory interneurons are important for the processing of sensory information and generation of appropriate behaviors by modulating excitatory pathways in the nervous system. In the cerebellar cortex, different classes of inhibitory interneurons provide feedback and feedforward inhibition critical for cerebellar functions such as coordination, balance, gait and fine motor control (Ito, 1984) . One class of inhibitory interneurons found in the internal granular layer (IGL), the Golgi cells, receives excitatory glutamatergic inputs from granule cells and in turn suppresses granule cell excitability via inhibitory GABAergic/glycinergic neurotransmission ( Fig. 1 A) (Ito, 1984) . Thus, Golgi cells are the primary inhibitory neurons that regulate the activities of granule cells ( Fig. 1 A) (Ito, 1984) . Consistent with this, elimination of Golgi cells results in overexcitation of granule cells and disruption in motor function (Watanabe et al., 1998) . The synapses between Golgi cells and granule cells are localized within the cerebellar glomerulus, a highly organized structure, consisting of an excitatory mossy fiber ending, inhibitory Golgi axons and dendritic processes of granule cells ( Fig. 1 B) (Palay and Chan-Palay, 1974; Jakab and Hámori, 1988) . The morphological and physiological properties of Golgi cells and granule cells have been characterized extensively (Eccles et al., 1967; Palay and Chan-Palay, 1974) , but the mechanisms that control differentiation at their synapses are not well defined.
In addition to their involvement in neuronal survival and differentiation, neurotrophin-Trk receptor signaling also regulates synapse formation and plasticity (McAllister et al., 1999; Poo, 2001; Nagappan and Lu, 2005; Luikart and Parada, 2006) . Several studies have implicated neurotrophin-Trk signaling in the development of cerebellar GABAergic synapses. In vivo and in vitro studies show that exogenous brain-derived neurotrophic factor (BDNF) promotes inhibitory synaptogenesis, whereas inhibition of BDNF binding results in a decrease in inhibitory synapses (Bao et al., 1999; Seil and Drake-Baumann, 2000) . The primary BDNF receptor, tropomyosin-related kinase B (TrkB), is expressed in all neuronal subtypes in the developing and mature cerebellum (Klein et al., 1993; Yan et al., 1997) . Loss of TrkB in all cerebellar cells leads to reduced number of GABAergic boutons in the molecular layer and IGL, and reduced number of Golgi-granule cell synapses (Rico et al., 2002) . Moreover, the absence of TrkB in all cerebellar cells results in mice that are ataxic and have deficits in motor coordination (Rico et al., 2002) . Thus, these studies show that TrkB controls important aspects of GABAergic synapse for-mation and cerebellar function, but raise several important questions. Does TrkB act within Golgi and/or granule cells to control GABAergic synaptic differentiation and ultrastructure? Is TrkB involved in the initial assembly and/or maintenance of these synapses? What downstream signaling pathways mediate the activities of TrkB? Does TrkB control the expression/localization of cell adhesion molecules known to control the formation of GABAergic inhibitory synapses?
Materials and Methods

Mouse strains
Mouse strains used in this study are as follows: Wnt1::Cre (Danielian et al., 1998), mGluR2::nlsCre-ires-eGFP, m␣6::Cre (Funfschilling and , TrkB fl (Grishanin et al., 2008) , TrkB F616A (Chen et al., 2005) , TrkB SHC/SHC and TrkB PLC/PLC (Minichiello et al., 1998 (Minichiello et al., , 2002 , Contactin Ϫ/Ϫ (Berglund et al., 1999) , ROSA::LacZ (Soriano, 1999) , Thy1::YFP-H-line (Feng et al., 2000) . For experiments using mice carrying a floxed TrkB allele (TrkB fl ), both homozygous mice (TrkB fl/fl ) without Cre and heterozygous mice (TrkB fl/ϩ ) with Cre were used as control. To generate transgenic mice expressing Cre recombinase and eGFP under mGluR2 promoter elements, the Cre gene with a nuclear localization signal, followed by an internal ribosomal entry site (ires) to allow expression of enhanced green fluorescent protein (GFP), was cloned into vector containing the mouse 18.3 kb 5Ј-upstream genomic sequence including the first and second exons of the mGluR2 gene (vector containing mGluR2 promoter elements was a gift from S. Nakanishi, Osaka Bioscience Institute, Osaka, Japan) (Watanabe et al., 1998) . For generation of mGluR2::nlsCre-ires-eGFP transgenic mice, the expression cassette was excised from the plasmid before pronuclear injection.
Generation of mice carrying a knock-in mutation with a substitution of phenylalanine (F) to alanine (A) at amino acid 616 of the TrkB gene (TrkB F616A ) was described by others (Chen et al., 2005) . Synthesis and preparation of [1-(1,1-dimethylethyl)-3-(1-naphthalenylmethyl)-1H-pyrazolo [3,4-d] pyrimidin-4-amine] (1NMPP1) has been described by others (Chen et al., 2005) . Homozygous TrkB F616A mice were treated with 50 mM 1NMPP1 or water for 28 d [postnatal day 0 (P0)-P28] and analyzed at P28, or for 20 d (P30 -P50) and analyzed at P50.
Immunoblot and immunohistochemistry
Protein extracts were prepared from the cerebellum of control and Wnt1::Cre;TrkB fl/fl mice as previously described (Rico et al., 2002) . We used 10 g of protein per lane for SDS-PAGE and immunoblots. Antibodies used were: rabbit anti-TrkB extracellular domain (1:1000) (E. J. , rabbit anti-GAD65 (glutamate decarboxylase 65) (1:640; Millipore Bioscience Research Reagents), mouse anti-GAD67 (1: 7500; Millipore Bioscience Research Reagents), rabbit anti-gephyrin [1: 1500; Synaptic Systems (SySy)], goat anti-Contactin-1 (1:1000; Neuromics), and mouse anti-␤-tubulin (1:1000; Sigma). The level of each protein was normalized to the level of tubulin. Analysis was performed using chemifluorescence reagents (GE Healthcare) and a phosphor imager (Fujifilm FLA-2000) .
Immunohistochemistry was performed on 15-20 m cryosections using fluorophore-conjugated secondary antibodies (1:500 -1:1000; Jackson Immunoresearch and Invitrogen). Slides containing cryosections were washed three times with PBS and then incubated in primary antibody [PBS, 0.1% Triton X-100 (TX100), 1% goat serum] overnight at 4°C. Slides were then washed three times with PBS (5 min each) and then incubated with secondary antibody (PBS, 0.1% TX100, 1% goat serum) for 1 h at room temperature. Slides were again washed three times with PBS (5 min each). Tissues from control and experimental conditions were placed on the same slide to ensure all tissues were processed the same.
Primary antibodies used in this study were as follows: guinea pig (gp) anti-vGluT1 (1:20,000; Millipore Bioscience Research Reagents); mouse Figure 1 . Organization of GABAergic synaptic proteins in the developing and mature cerebellum. A, Major neuronal subtypes are organized in different lamina in the cerebellar cortex (ϩ, excitatory input; Ϫ, inhibitory inputs). Golgi cells (G.c.) (green) provide feedback inhibition to granule cells (gr.c.) (red) in the IGL (Eccles et al., 1967) . B, The glomerulus is a complex of synapses in which a mossy fiber ending (blue) forms glutamatergic synapses on the inner surface of the enveloping dendrites of granule cells (Berglund et al., 1999) and the axon termini of Golgi cells (green) form inhibitory synapses on the outer surface of the same dendrites (Jakab and Hámori, 1988) . C-E, vGluT1 expression marks mossy fiber endings at P14 (C), P21 (D), and P90 (E). F, G, Quantification of the area of vGluT1 expression (F ) expressed as sum of pixels per region analyzed, and the intensity of vGluT1 expression (G) expressed as fluorescent units (fl.u.) from P14 -P90. H-J, Gephyrin expression (Berglund et al., 1999) , found on granule cell dendrites, surrounds mossy fiber endings (blue) at P14 (H ), P21 (I ), and P90 (J ). K, L, Quantification of the area (K ) and intensity (L) of gephyrin expression in the IGL from P14 -P90. M-O, GAD65 expression (green) marks Golgi axon varicosities which surrounds mossy fiber endings (blue) at P14 (M ), P21 (N ), and P90 (O). P, Q, Quantification of the area (P) and intensity (Q) of GAD65 expression. R-T, Golgi axon varicosities surrounding mossy fiber endings (blue) can also be marked by GAD67 expression (green) at P14 (R), P21 (S), and P90 (T ). U, V, Quantification of the area (U ) and intensity (V ) of GAD67 expression. Scale bar, 10 m. *Box plots contain lower and upper limits ("whiskers"), first and third quartile (edges of the box), median (white bar), mean (white dot), and outliers (black dots) of the dataset. From herein, refer to Tables S1-3 (available at www.jneurosci.org as supplemental material) for mean values and statistics (Mann-Whitney U test and Kruskal-Wallis test).
anti-gephyrin (1:8000; SySy); rabbit anti-gephyrin (1:1000; SySy); rabbit anti-vGluT1 (1:10,000) and rabbit anti-GAD65 (1:8000) (gifts from T. Jessell, Columbia University, New York, NY) (Betley et al., 2009) ; mouse anti-GAD67 (1:10,000; Millipore Bioscience Research Reagents); rabbit vGAT (1:2000; SySy); goat anti-Contactin-1 (1:250; R&D Systems); goat anti-Contactin-1 (1:1000; Neuromics); rabbit anti-GFAP (1:1000; Dako); sheep anti-GFP (1:500; Biogenesis); rabbit anti-GFP (1:1500; Invitrogen); rabbit anti-Neurogranin (1:1000; Millipore Bioscience Research Reagents); mouse anti-mGluR2 (1:1500; Advanced Targeting Systems); gp anti-GlyT2 (1:5000; Millipore Bioscience Research Reagents); and goat anti-␤-galactosidase (1:1000; AbD Serotec).
Quantification of synaptic protein expression
To determine the area and average pixel intensity of the expression of synaptic proteins surrounding individual mossy fiber endings within the IGL in lobules I-IV of the cerebellum (Rico et al., 2002) , images of a fixed area in the IGL from different mice were collected on a Zeiss LSM 5 Pascal confocal microscope (63ϫ and 100ϫ objectives, numerical aperture 1.40, Plan-Apochromat), keeping individual pixel intensities in the linear range for control images. The mean area (sum of pixels above threshold) and fluorescent pixel intensity of the protein of interest surrounding an individual glomerulus within each analyzed region were determined on cryosections at subsaturating antibody concentrations and calculated using the histogram and color histogram function in NIH ImageJ (version 1.38x).
For analysis shown in Figure 1 and supplemental Figure S1 (available at www.jneurosci.org as supplemental material), the sum of pixels above threshold was measured in an area of 21,374 m 2 (63ϫ objective) for each protein of interest and represented as an absolute number as previously described (Rico et al., 2002) . For all other analysis, the sum of pixels above threshold was normalized to the sum of pixels of vGluT1 expression in an area of 8600 m 2 (100ϫ objective) for each protein of interest and represented as an area ratio. The threshold was determined by measuring the average pixel intensity of an area of 225 m 2 between individual cerebellar glomerulus that does not express the protein of interest. At both 63ϫ and 100ϫ, it was possible to find areas not stained with individual markers between glomeruli. For analysis of the colocalized expression of Contactin-1 (see Fig. 8 ; supplemental Fig. S8 , available at www.jneurosci.org as supplemental material), colocalization of Contactin-1 on individual cell-type is measured by using the RG2B Colocalization macros in ImageJ and Contactin-1 expression not localized on cell type-specific markers was omitted using the same macros (http://rsbweb.nih.gov/ij/plugins/rg2bcolocalization.html).
Quantification of synaptic junctions with electron microscopy
Mice were perfused and postfixed overnight using 4% paraformaldehyde. Cerebellar tissues were processed as previously described (Rico et al., 2002) . We analyzed individual glomerulus from 20 electron micrographs (magnification of 11,500ϫ, single 2 m sections) for each experimental condition (n ϭ 3). Only simple glomeruli were analyzed since large complex glomeruli containing more than one mossy fiber ending extended outside of the micrographs. Individual components of the glomerulus were identified by criteria described in the paragraph below using those published by others (Palay and Chan-Palay, 1974; Landis et al., 1983; Jakab and Hámori, 1988) .
Mossy fiber endings. Mossy fiber endings are interspersed between the cell bodies of granule cells (spherical and smooth surface with large blocks of condensed chromatin); they are filled with large, spheroid synaptic vesicles and contain numerous mitochondria typically concentrated in the center of the mossy fiber ending.
Granule cell dendrite. Each finger-like dendritic branch contains a long mitochondria partially wrapped in endoplasmic reticulum; it does not contain synaptic vesicles and so appears much lighter in color compared with mossy fiber endings or Golgi axon varicosities.
Golgi axon varicosity. The Golgi axon varicosity is located in the outskirts of the glomerulus. It is circular or elliptical-shaped compared with granule cell dendrites, contains ovoid or polygonal synaptic vesicles, and contains few mitochondria in the center of the varicosity. Synaptic junctions were counted when electron-dense material lining intracellular aspects of the presynaptic and postsynaptic membranes was observed between identified structures. Because only single-section electron micrographs were analyzed, not all synaptic junctions have clear membranes separated by electron-dense material. Plaques were counted whenever electron-dense material was observed between dendrites.
Results
Localization of GABAergic synaptic proteins within the glomeruli in the cerebellar cortex Golgi cells and granule cells are major components of the cerebellar glomeruli located in the IGL (Fig. 1 A) . The glomerulus is composed of excitatory glutamatergic mossy fiber ending that synapses with the dendrites of granule cells (Fig. 1 B) . Additionally, the axon termini of Golgi cells form GABAergic/glycinergic synapses on the surface of granule cell dendrites opposite to the surface that is in contact with the mossy fiber ending (Fig. 1 B) . We analyzed the localization of proteins associated with both presynaptic and postsynaptic GABAergic synapses during their development at P14, P21, and in mature synapses at P90 (Altman and Bayer, 1997) . Pre-and postsynaptic components were examined by monitoring the localization of presynaptic GABA synthetic enzymes (GAD65 and GAD67) and a postsynaptic scaffolding protein (gephyrin). The excitatory mossy fiber endings were marked by the localization of vesicular glutamate transporter-1 (vGluT1).
Focusing first on the development of the excitatory input provided by mossy fibers, the mean area of vGluT1 expression (expressed as an average of the sum of pixels) increased by 73% from P14 to P21 and did not significantly change from P21 to P90 supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.001, Kruskal-Wallis (K.-W.)] (see Materials and Methods). The mean intensity of vGluT1 expression (fluorescence unit, fl.u.) remained unchanged from P14 to P21, but decreased by 6.5% from P21 to P90 ( Fig. 1G ; supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.05, K.-W.). The developmental profile of vGluT1 localization is consistent with an increased density and size of mossy fiber endings during P14 -P90 (Mason and Gregory, 1984; Altman and Bayer, 1997) . We next analyzed the development of inhibitory postsynaptic specializations formed by granule cell dendrites in contact with mossy fiber endings through examination of the localization of gephyrin, a postsynaptic scaffold protein associated with GABAergic and glycinergic synapses (Fritschy et al., 2008) . The mean area covered by gephyrin expression increased by 79% from P14 to P21 and did not significantly change from P21 to P90 ( Fig. 1 H-K; supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.01, K.-W.). The mean intensity of gephyrin expression remained unchanged from P14 to P21, but increased by 10% between P21 and P90 (Fig. 1 L; supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.001, K.-W.). Because these differences in intensity are small, we are unclear of their biological relevance.
The localization of GAD65 and GAD67 surrounding mossy fiber endings corresponds to the presynaptic axons/termini of Golgi cells ( Fig. 1 
B, M-O,R-T ).
First, we observed an 18% reduction in the mean area of GAD65 expression between P14 and P21 (Fig. 1 P; supplemental Table S1A, available at www.jneurosci.org as supplemental material). However, the mean area of GAD65 expression was only marginally different between P14, P21, and P90 ( p ϭ 0.07, K.-W.). The mean intensity of GAD65 expression remained unchanged from P14 to P21, but increased by 4% between P21 and P90 ( Fig. 1Q ; supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.05, K.-W.). Next, the mean area of GAD67 expression was reduced by 17% from P14 to P21 with a further reduction of 14% from P21 to P90 ( Fig. 1U ; supplemental Table S1A, available at www.jneurosci.org as supplemental material; p Ͻ 0.01, K.-W.). The mean intensity of GAD67 expression increased by 12% from P14 to P21 and then remained unchanged from P21 to P90 ( Fig. 1V ; supplemental Table S1A , available at www.jneurosci.org as supplemental material; p Ͻ 0.01, K.-W.). Our analysis suggests that the reduction in the area of the expression of GAD enzymes reflects an increased localization of these enzymes in regions juxtaposed to vGluT1 ϩ mossy fiber ending. Studies in the cortex have reported a similar increase in localized GAD65 expression as inhibitory synapses mature (Z. J. . More importantly, our analysis indicates that GAD65, GAD67 and gephyrin are present between P14 and P90 and can be used to monitor presynaptic and postsynaptic constituents of GABAergic synapses.
GABAergic synaptic differentiation requires TrkB
To gain further insight into the role of TrkB in the assembly and maintenance of GABAergic synapses, we used mice carrying a floxed TrkB allele (TrkB fl ) in which loxP sites flank the first coding exon. Mice carrying the TrkB fl allele express full-length and truncated isoforms of TrkB at endogenous levels before Cre-mediated deletion (Grishanin et al., 2008) . To determine the requirements of TrkB in GABAergic synaptic differentiation, we examined the consequences of TrkB deletion on the localization of presynaptic and postsynaptic proteins from P14 to P90.
Localized expression of presynaptic GABAergic proteins requires TrkB
We assessed the localization of presynaptic proteins in mice lacking TrkB in all cerebellar cell-types as a result of Wnt1::Cre-mediated deletion (Rico et al., 2002) . Consistent with previous observation that the mean number of excitatory synapses between MFs and granule cells is not reduced in the absence of TrkB (Rico et al., 2002) , we observed no reduction in vGluT1 localization from P14 to P90, in the IGL of mice lacking TrkB (supplemental Fig. S1 , supplemental Table S1B, available at www.jneurosci.org as supplemental material).
Because vGluT1 localization is not perturbed in the cerebellum in mice lacking TrkB between P14 and P90, the area of the GABAergic synaptic protein of interest was normalized to the area of vGluT1 localization to generate an area ratio. At P14, the mean area ratio of GAD65:vGluT1 and GAD67:vGluT1 and the mean intensity of GAD65 and GAD67 expression were comparable between Wnt1::Cre;TrkB fl/fl mice and control (supplemental Fig. S2 A-C,J-L; supplemental Table S1B, available at www.jneurosci.org as supplemental material). Strikingly, however, at P21, the mean area ratio of GAD65:vGluT1 and GAD67: vGluT was reduced by 71% and 64%, respectively, in Table S1B , available at www.jneurosci.org as supplemental material). In addition, we observed a 47% reduction in the localization of vesicular GABA transporter (vGAT) in P21 Wnt1::Cre;TrkB fl/fl mice (Fig. 2 D-F ) . The localization of GAD65 and GAD67 remained reduced in the mature cerebel- Table S1B , available at www.jneurosci.org as supplemental material). Together, our results indicate that TrkB is important for the maintenance of the localization of presynaptic proteins, GAD65 and GAD67, but not their initial expression and localization before P14.
In the IGL, a large subset of Golgi cells express the presynaptic plasmalemmal glycine transporter (GlyT2) together with GABAergic proteins (Simat et al., 2007) . Interestingly, the localization of GlyT2 was not reduced in Wnt1::Cre;TrkB fl/fl mice (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Since the localization of vGAT is impaired in mice lacking TrkB (Fig. 2 D-F ) and vGAT functions as the major vesicular transporter for glycine as well as GABA (Wojcik et al., 2006) , our data imply that the absence of TrkB prevents normal glycinergic as well as GABAergic presynaptic differentiation.
Localized expression of postsynaptic GABAergic proteins requires TrkB
We next examined the localization of postsynaptic proteins at GABAergic synapses in Wnt1::Cre;TrkB fl/fl mice. The mean area ratio of gephyrin:vGluT1 was reduced by 77% at P14, 70% at P21, and 66% at P90 in Wnt1::Cre;TrkB fl/fl mice compared with control ( Fig. 2G-I ; supplemental Fig. S2 P-U, supplemental Table S1B , available at www.jneurosci.org as supplemental material). At each stage, the reduction in gephyrin localization appears to reflect the presence of fewer, smaller gephyrinexpressing puncta within the granule cell dendrites adjacent to MF endings. Additionally, the loss of TrkB results in a reduction of gephyrin localization at P14, a stage where no deficits in the localization of presynaptic proteins were observed (supplemental Fig. S2 B, K, available at www. jneurosci.org as supplemental material).
In addition, we examined the localization of Neuroligin-2, an adhesion molecule implicated in regulation of GABAergic synapses (Huang and Scheiffele, 2008) and found that loss of TrkB did not influence the localization of Neuroligin-2 (Fig. 2J-L) . Our result is consistent with the finding that Neuroligin-2 localization is not impaired in mice lacking gephyrin (O'Sullivan et al., 2009) . Together, these results indicate that TrkB is required for the localization of a major postsynaptic component of Golgigranule cell synapses, but not required for the initial steps in differentiation of these synapses.
TrkB selectively regulates protein expression and localization of GABAergic synaptic proteins
To determine whether the reduced localization of GABAergic synaptic proteins in the IGL of cerebella lacking TrkB is caused by reduced synthesis or impaired localization of these proteins, we quantified the level of GABAergic proteins by immunoblot using cerebellar extracts from P21 Wnt1::Cre;TrkB fl/fl mice. Compared with control, the mean level of GAD65 was reduced by 38% in lysates obtained from Wnt1::Cre;TrkB fl/fl mice compared with control ( Fig. 2 M, N ) . In contrast, the mean level of GAD67 was not reduced in lysates obtained from Wnt1::Cre;TrkB fl/fl mice (Fig. 2 M, O) . The mean ratio of intensity of two distinct bands of gephyrin (98 kDa and 95 kDa) was also not reduced in Wnt1::Cre;TrkB fl/fl mice compared with control ( Fig. 2M,P,Q) . These results indicate that the reduced presence of GAD65 in Wnt1::Cre;TrkB fl/fl mice (supplemental Fig.  S2E ,H, available at www.jneurosci.org as supplemental material) can be explained, in part, by reduced expression of this protein. On the other hand, the reduced presence of GAD67 and gephyrin in Wnt1::Cre;TrkB fl/fl mice is likely due to mechanisms that influence transport or clustering. Our results are consistent with other studies that have demonstrated the expression or localization of GAD65 is dependent on BDNF-TrkB signaling (Z. J. Hong et al., 2008; Betley et al., 2009 ).
TrkB acts in both Golgi cells and granule cells to promote GABAergic synaptic differentiation
Our observation that TrkB deficiency results in impaired gephyrin localization before impairments in localization of GAD65 and GAD67 suggests that the presynaptic deficits observed in mice lacking TrkB in the cerebellum may be secondary consequences of a requirement for TrkB within postsynaptic granule cells. To explore this possibility, we analyzed the localization of GABAergic synaptic proteins in mice lacking TrkB specifically in either Golgi or granule cells.
To assess the role of TrkB in Golgi cells, we generated a transgenic allele that express Cre recombinase using the mGluR2 promoter-enhancer used by others (Watanabe et al., 1998) . Within the cerebellum, the mGluR2::Cre allele promotes recombination specifically in Golgi cells and effectively mediates deletion of TrkB in mGluR2::Cre;TrkB fl/fl mice (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Compared with control, we found that the mean area ratio of GAD67: vGluT1 and mean intensity of GAD67 expression was reduced by 66% and 7%, respectively, in mGluR2::Cre;TrkB fl/fl mice ( Fig.  3A-D; supplemental Table S2A , available at www.jneurosci.org as supplemental material; data not shown). However, the localization and intensity of gephyrin were not reduced in mice lacking TrkB in Golgi cells ( Fig. 3E-H ; supplemental Table S2A , available at www.jneurosci.org as supplemental material). The number and morphology of Golgi cells were not noticeably different in mice lacking TrkB in Golgi cells (data not shown) consistent with observations from mice lacking TrkB from all cerebellar cells (Rico et al., 2002) . Because mGluR2::Cre mediates recombination only shortly before P14 (Watanabe et al., 1998) , we did not analyze mice lacking TrkB in Golgi cells at P14.
To examine the consequences of TrkB deletion in granule cells on the localization of GABAergic synaptic proteins, we used the enhancer of the mouse ␣6 GABA A subunit (m␣6 ) gene to direct recombination specifically in granule cells (Funfschilling and Reichardt, 2002) . In contrast to mice with Golgi cell-specific deletion of TrkB, the mean area ratio of GAD67:vGluT1 and mean intensity of GAD67 expression were comparable between m␣6::Cre;TrkB fl/fl mice and control ( Fig. 3I-L ; supplemental Table S2A, available at www.jneurosci.org as supplemental material; data not shown). However, the mean area ratio of gephyrin: vGluT1 and mean intensity of gephyrin expression were reduced by 41% and 6%, respectively, in mice with granule cell-specific deletion of TrkB compared with controls ( Fig. 3M-P results demonstrate that TrkB acts in both presynaptic Golgi cells and postsynaptic granule cells to regulate the localization of GABAergic synaptic proteins.
TrkB is required for formation of inhibitory synaptic junctions
To assess the consequences of perturbing the localization of presynaptic and postsynaptic proteins on the ultrastructure of GABAergic synapses, we analyzed synaptic junctions in the glomeruli in mice lacking TrkB. We focused on three main specialization: excitatory synaptic junctions between MF endings and granule cell dendrites (black arrows, asymmetric synapses), synaptic junctions between Golgi axon varicosities and granule cell dendrites (red arrows, symmetric synapses), and plaque-like junctions between granule cell dendrites (yellow arrows, plaques) (Landis et al., 1983; Jakab and Hámori, 1988) (Fig. 4 A, B (Fig. 4 A-D,G-J ). However, the mean number of inhibitory synapses per glomerulus and per Golgi terminal was reduced by 45% and 43%, respectively, in P42 Wnt1::Cre;TrkB fl/fl mice, largely consistent with previous findings (Fig. 4 E, F ) (Rico et al., 2002) . Interestingly, the mean number of inhibitory synapses per glomerulus and per Golgi terminal was reduced by 43% and 49%, respectively, in P42 m␣6::Cre;TrkB fl/fl mice compared with control ( Fig.  4 K, L) . We did not observe noticeable differences in the organization of glomeruli or the number of glomeruli in the IGL in mice lacking TrkB in the cerebellum or specifically in granule cells compared with control ( Fig. 4; data not shown) . Since mice lacking TrkB in Golgi cells (mGluR2::Cre;TrkB fl/fl ) die shortly after P21 due to seizures (data not shown), we were unable to perform ultrastructural analysis on these mice at comparable stages. These results indicate that TrkB, in both Golgi and granule cells, is important for formation of inhibitory synaptic junctions and that loss of postsynaptic TrkB (in granule cells) is sufficient to perturb the formation of inhibitory junctions. However, our data do not rule out the possibility that TrkB promotes stabilization, not the initial formation of these synapses.
TrkB is required for the assembly and maintenance of GABAergic synaptic proteins
To examine whether TrkB is required to maintain GABAergic synapses, we used a TrkB mouse-line that permits the use of a highly specific kinase inhibitor. In mice carrying a TrkB allele that contains a mutation within the kinase domain (TrkB F616A ), the kinase activity of TrkB is inhibited in the presence of 1NMPP1, a membrane-permeable kinase inhibitor (Chen et al., 2005) .
We first examined the effect of 1NMPP1 on the assembly of GABAergic synapses in homozygous TrkB F616A mice during the period of the initial formation of GABAergic synapses by treating neonatal TrkB F616A mice (P0) and their mother with 1NMPP1 for 4 weeks. Quantification of the mean area ratio of GAD65:vGluT1 and GAD67:vGluT1 revealed a 75% and 61% reduction, respectively, in P28 TrkB F616A mice treated with 1NMPP1 compared with control ( Fig. 5A-F ; supplemental Table S2B , available at www.jneurosci.org as supplemental material). We also observed a 69% reduction of gephyrin localization in P28 TrkB F616A mice treated with 1NMPP1 ( Fig. 5G-I ; supplemental Table S2B , available at www.jneurosci.org as supplemental material). Treatment of wild-type mice with 1NMPP1 from P0-P30 did not influence the localization of GABAergic synaptic proteins (supplemental Fig. S5A-I , available at www.jneurosci.org as supplemental material). These results indicate that the inactivation of TrkB kinase activity during P0 to P28, the period of initial formation of GABAergic synapses (Altman and Bayer, 1997) , results in a reduction in the localization of GABAergic synaptic proteins consistent with the reduction in mice lacking TrkB in all cerebellar cells (Fig. 2) .
Next, we examined the requirement of TrkB in the maintenance of GABAergic synapses in homozygous TrkB F616A mice, after completion of the establishment of GABAergic synapses, by treating mature P30 TrkB F616A mice for 20 d with 1NMPP1. Quantification of the mean area ratio of GAD65:vGluT1 and GAD67: vGluT1 revealed 39% and 54% reduction, respectively, in P50 TrkB F616A mice treated with 1NMPP1 compared with control ( Fig. 5J-O ; supplemental Table  S2B , available at www.jneurosci.org as supplemental material). We also observed a 44% reduction of gephyrin localization in P50 1NMPP1-treated mice ( Fig. 5P-R ; supplemental Table S2B , available at www.jneurosci.org as supplemental material). Treatment of wild-type mice with 1NMPP1 from P30-P52 did not influence the localization of GABAergic synaptic proteins (supplemental Fig. S5J -R, available at www.jneurosci.org as supplemental material). These findings revealed that the inactivation of TrkB kinase activity after GABAergic synapses have formed still results in a reduction in the localization of GABAergic synaptic proteins, albeit to a lesser extent, providing strong evidence that TrkB kinase activity continues to be important for the maintenance of GABAergic synapses in adult mice.
GABAergic synaptic differentiation depends on the PLC-␥1-binding site in TrkB
The activities of TrkB are mediated, in part, by the recruitment of the adaptor protein Shc to phosphotyrosine-515 which initiates signaling cascades such as the Ras/MAPK and phosphatidylinositide 3-kinase pathways (Reichardt, 2006) . Additionally, the recruitment of phospholipase C-␥1 (PLC-␥1), through phosphotyrosine-816, results in generation of diacylglycerol and IP3, release of Ca 2ϩ stores, and activation of calcium-regulated protein kinases and phosphatases (Reichardt, 2006) . To define the signaling pathway(s) downstream of TrkB responsible for regulation of GABAergic synapses, we examined the cerebella of mice with mutations in the Shc or PLC-␥1 docking sites of TrkB (Minichiello et al., 1998 (Minichiello et al., , 2002 .
In mice carrying a point mutation in the Shc docking site of TrkB (TrkB SHC/SHC ), we found that the mean area ratio of GAD67:vGluT1 and gephyrin:vGluT1 and the mean intensity of their expression was comparable to control (Fig. 6 A-H ; supplemental Table S2C , available at www.jneurosci.org as supplemental material; data not shown). These results show that TrkBmediated recruitment of Shc at phosphotyrosine-515 is not necessary for the development and maintenance of GABAergic synapses. In contrast, when we examined mice homozygous for the PLC-␥1 docking site of TrkB (TrkB PLC/PLC ), we found that the mean area ratio of GAD67:vGluT1 and the mean intensity of GAD67 expression were reduced by 25% and 5%, respectively, in P21 TrkB PLC/PLC mice (Fig. 6 I-L; supplemental Table S2C , available at www.jneurosci.org as supplemental material; data not shown). Additionally, the mean area ratio of gephyrin:vGluT1 and the mean intensity of gephyrin expression were reduced by 80% and 12%, respectively, in TrkB PLC/PLC mice (Fig. 6 M-P; supplemental Table S2C , available at www.jneurosci.org as supplemental material). Together, these results suggest that TrkB promotes the development and maintenance of GABAergic synapses via recruitment of PLC-␥1 and activation of Ca 2ϩ -regulated pathways.
TrkB regulates the localization of Contactin-1 on Golgi and granule cells
To explore potential effector proteins that could mediate the activities of TrkB in Golgi and/or granule cells, we examined the expression pattern of different families of adhesion molecules that have been implicated in neural connectivity and synaptic differentiation. In particular, we found that Contactin-1 (CNTN), a member of the Contactin/F3 family of proteins, is highly expressed in the IGL at P14, P21 and P90 ( Fig. 7A; supplemental Fig.  S6 , available at www.jneurosci.org as supplemental material). Previous work has shown that this protein is important for the differentiation of cerebellar neurons and motor function (Berglund et al., 1999) . Additionally, BDNF has been shown to influence the translocation of Contactin-1 to cell surface (Maruyama et al., 2007) . Contactin-1 is expressed on Neurogranin ϩ Golgi cell axons (Fig. 7E ) and on the dendrites of YFP ϩ granule cells, using a Thy1::YFP mouse line (H) that labels a subset of granule cells (Feng et al., 2000) (Fig.  7I) . In addition we detected Contactin-1 on vGluT ϩ MF endings and GFAP ϩ astroglia fibers (Fig. 7M,Q) . The presence of Contactin-1 on Golgi cell axons and granule cell dendrites suggested that Contactin-1 might be involved in the development of inhibitory synapses. To explore this possibility, we first examined the consequences of cerebellar TrkB deletion on the localization of Contactin-1. We found that the mean area ratio of Contactin-1:vGluT1 and the mean intensity of Contactin-1 expression were reduced by 61% and 8%, respectively, in Wnt1::Cre; TrkB fl/fl mice ( Fig. 7A-D ; supplemental Table S3A, available at www.jneurosci.org as supplemental material). We next analyzed the mean area and intensity of Contactin-1 expression colocalized on individual celltypes (yellow; Fig. 7 ; supplemental Fig. S6 , available at www.jneurosci.org as supplemental material) (see Materials and Methods). We found that the mean area ratio of Contactin-1:NG and mean intensity of Contactin-1 expression on Golgi cell axons were reduced by 32% and 12%, respectively, in Wnt1::Cre;TrkB fl/fl mice ( Fig. 7E-H (Fig. 7U,V) . Together, we provide evidence that TrkB regulates the Contactin-1 localization on both Golgi cell axons and granule cell dendrites, consistent with the possibility that Contactin-1 mediates the activities of TrkB in the assembly and maintenance of GABAergic synapses.
Contactin-1 is required for presynaptic and postsynaptic differentiation at GABAergic synapses
Since the localization of Contactin-1 on Golgi cell axons and granule cell dendrites is reduced in mice lacking TrkB, we set out to assess the consequences of the loss of Contactin-1 on localization of GABAergic synaptic proteins. To achieve this, we analyzed P18 mice that lack Contactin-1 (Berglund et al., 1999) . We observed a 55% and 73% reduction, respectively, of the mean area ratio of GAD65:vGluT1 and GAD67:vGluT1 in Contactin-1 Ϫ/Ϫ mice compared with control ( Fig. 8A-F ; supplemental Table S3B , available at www.jneurosci.org as supplemental material). We also observed an 80% reduction of the mean area ratio of gephyrin:vGluT1 in Contactin-1 Ϫ/Ϫ mice ( Fig. 8G-I ; supplemental Table S3B , available at www.jneurosci.org as supplemental material). Contactin-1 Ϫ/Ϫ mice die around P18, so we could not analyze the consequences of Contactin-1 deletion on synaptic protein localization at P21 and beyond (Berglund et al., 1999) . Together, these findings show that the loss of Contactin-1 results in similar perturbations in the localization of GABAergic synaptic proteins observed in mice lacking TrkB and raises the possibility that Contactin-1 may be an important effector that mediates TrkB-dependent organization of GABAergic synapses.
Discussion
In this paper, we present findings demonstrating that TrkB controls important features of differentiation within both the presynaptic and postsynaptic compartments of cerebellar GABAergic synapses. Importantly, through specific inhibition of the kinase activity of TrkB, we show that the kinase activity of TrkB is required not simply to initiate GABAergic synapse formation, but also to maintain these synapses in adulthood. We also show that the localization of Contactin-1 at the synaptic contacts between Golgi and granule cells requires TrkB suggesting that TrkB promotes synapse formation and maintenance, in part, by controlling the localization of cell adhesion molecules.
Role of TrkB in the assembly and maintenance of cerebellar GABAergic synapses
Recent work has provided many examples of structural plasticity in the adult CNS and revealed that plasticity is regulated through activity and proteins that control the F-actin cytoskeleton, cell adhesion molecule, as well as effectors of receptor tyrosine kinases (Holtmaat and Svoboda, 2009; Matter et al., 2009; Wu et al., 2009; Yang et al., 2009) . Studies have demonstrated that individual protein constituents at synapses are in dynamic equilibrium and hence subject to regulation through changes in gene expression, protein phosphorylation and proteolysis (Gray et al., 2006; Bingol et al., 2010) . Our results using a highly specific inhibitor to block the kinase activity of TrkB demonstrate that TrkB kinase activity is required to maintain GABAergic synaptic differentiation in the adult cerebellum. Consistent with our findings, several recent studies using the same genetic-pharmacological approach have shown that TrkB continues to be required for normal neuronal function in mature animals (Johnson et al., 2008; Kaneko et al., 2008; Wang et al., 2009) . TrkB is important for motivational learning, such as conditioned reinforcement (Johnson et al., 2008) , processing of thermal and mechanical pain (Wang et al., 2009) , and remodeling of visual cortical function in response to visual stimuli (Kaneko et al., 2008) . Our data raise the possibility that TrkB is required to maintain the inhibitory synaptic connectivity necessary for coordinating the activities of neural circuits underlying these processes and suggests that BDNF-TrkB signaling is an important molecular regulator of structural plasticity in adult animals.
Regulation of synaptic proteins that control GABAergic and glycinergic synaptic function by TrkB
We previously reported that in mice lacking TrkB in the cerebellum there is a dramatic reduction in the number of synaptic specializations at Golgi-granule cell contacts, as assessed by electron microscopy, with a similar reduction in the localization of presynaptic GABAergic molecular markers throughout the cerebellum (Rico et al., 2002) . The results in this paper document that loss of TrkB in the cerebellum leads to a reduction of presynaptic GABAergic proteins, including a dual GABA/glycine transporter (vGAT), but not a plasmalemmal glycine transporter (GlyT2). In addition, the loss of TrkB in the cerebellum leads to a reduction in the localization of gephyrin, a postsynaptic protein required for normal GABA and glycine receptor clustering (Moss and Smart, 2001) . Together, our data suggest that both GABAergic and glycinergic function at Golgi-granule cell synapses are dependent on TrkB. Prior work has shown that there are several classes of Golgigranule cell synapses with some purely GABAergic or glycinergic, and a majority with dual GABAergic-glycinergic properties (Simat et al., 2007) . Our data has not determined whether these different classes of synapses are equally dependent on TrkB.
Role of PLC-␥1-and Ca
2؉ -regulated pathways in controlling GABAergic synapses To begin to define the signaling pathway(s) downstream of TrkB responsible for regulation of GABAergic synaptic development, we examined the synapses between Golgi and granule cells in mice carrying disrupted docking sites for specific effectors of activated TrkB. No deficit in the formation of GABAergic synapses (Berglund et al., 1999) in the IGL is also reduced in P18 Contactin-1 Ϫ/Ϫ mice (H ) compared with control (G). I, Quantification of the area ratio of gephyrin:vGluT1 expression in control and Contactin-1 Ϫ/Ϫ mice. Scale bar, 10 m.
was observed in mice expressing TrkB mutated in the Shcbinding site (Y515) even though binding of Shc has been shown to promote activation of both Ras and PI-3 kinase (Fig. 6 ) (Reichardt, 2006) . Other mechanisms have been discovered, however, for activation of Ras-Erk and PI-3 kinase by Trk receptors. For instance, Grb2, an adaptor bound to a Ras exchange factor, can interact with other tyrosine residues in the kinase activation loop of Trk receptors (Qian et al., 1998; MacDonald et al., 2000) . In addition, c-Abl, an activator of Ras and MAPK pathways, can interact with Trk receptors at different sites that are not phosphotyrosines (Yano et al., 2000; Robinson et al., 2005) . Thus our results show that the Shc-binding site (Y515) is not necessary, but do not rule out the possibility that PI-3 Kinase and MAPK pathways are important for the development of Golgi-granule cell synapses. Studies using mice carrying a mutation in the PLC-␥1-binding site (Y816) have documented striking deficits in BDNFdependent CaMKinase IV and CREB activation (Minichiello et al., 2002) . Our observation that these mice exhibit deficits in localization of both presynaptic and postsynaptic proteins at Golgi-granule cell synapses suggests that Ca 2ϩ -regulated pathways control GABAergic synapse formation. Phosphorylation of PLC-␥1 by activated TrkB generates diacylglycerol and inositol-trisphosphate (Reichardt, 2006) . Inositol-tris-phosphate activates IP3 receptors and increases cytoplasmic Ca 2ϩ levels (Reichardt, 2006) . Therefore, it seems plausible that TrkB-mediated phosphorylation of PLC-␥1 results in activation of a variety of Ca 2ϩ -regulated kinases and phosphatases, one or more of which could regulate the localization of GAD67, gephyrin and other synaptic proteins. In addition, activation of Ca 2ϩ -calmodulin-kinases results in induction of CREB and other transcription factors (Lonze and Ginty, 2002) , which provides a plausible pathway through which TrkB promotes the expression of GAD65. In turn, CREB has important functions in controlling many adaptive neuronal responses (Lonze and Ginty, 2002) . The potential involvement of Ca 2ϩ suggests that the formation and maintenance of cerebellar GABAergic synapses are controlled by activity-dependent processes. Interestingly, the expression of BDNF is Ca 2ϩ and CREB-dependent (West et al., 2001; Lonze and Ginty, 2002 ) and mutation of the major CREB-regulated promoter of BDNF results in reduced inhibitory neuron and synapse formation in the cortex (Hong et al., 2008; Sakata et al., 2009) .
Contactin/F3 family of IgSF cell adhesion molecules and the assembly of GABAergic synapses
The neuronal cell adhesion molecules of the Ig superfamily (IgSF) play important roles in the assembly of neural circuits (Ango et al., 2004; Hattori et al., 2007; Yamagata and Sanes, 2008) . Our identification of Contactin-1, and potentially other IgSF cell adhesion molecules, as possible effectors of TrkB in the cerebellum suggests IgSF cell adhesion molecules have important functions in the development of cerebellar circuits. Previous work has provided evidence that members of the Contactin family as well as other IgSF members control formation of specific synapses (Huang et al., 2007; Sakurai et al., 2009 ). Some of these proteins mediate trans-interactions with IgSF family members (Kuhn et al., 1991; Laursen et al., 2009) , protein tyrosine phosphatases (Peles et al., 1995; Bouyain and Watkins, 2009 ) and tenascin (Michele and Faissner, 2009 ). Others mediate cis-interactions with IgSF members and gangliosides (Kasahara et al., 2000) . Contactins also have been shown to associate with the cytoskeleton and to activate Src-family and Ca 2ϩ -dependent signaling pathways (Laursen et al., 2009; Michele and Faissner, 2009 ).
In addition to promoting formation of synapses between Golgi and granule cells, Contactin-1 has been shown to regulate arborization of presynaptic and postsynaptic processes (Berglund et al., 1999) and could have additional roles in target recognition or stabilization and maintenance of synaptic contacts. Because Contactin-1 can exist anchored in the cell membrane through a glycosylphosphatidyl inositol moiety (Berglund and Ranscht, 1994) and can occur in a soluble form (Durbec et al., 1992) , Contactin-1 can potentially act both as a neuronal receptor and as a substrate for neurite growth. A better understanding of how F3/Contactin family of molecules mediate the development of synapses may reveal an IgSF molecular code for synaptic specificity in the cerebellum similar to other regions of the CNS (Hattori et al., 2007; Huang et al., 2007; Yamagata and Sanes, 2008) .
